1 Abstract-Frequency splitting is a key characteristic of wireless power transfer system. With the increases of coupling coefficient, the power transferred to load drops sharply. The resonant frequency splits from one into two within splitting region. Previous reports about frequency splitting mainly focused on the analysis of coupled mode theory or the solutions of ridge equations. In this work, we presented the analytical results based on a simply T-type circuit model. With impedance analysis, the even and odd splitting frequencies were derived. In addition, the frequency splitting phenomena were analysed with output voltage curves at different coupling by the aid of simulation. Furthermore, the frequency splitting and the frequency bifurcation discussed frequently in inductively coupled wireless power transfer system were analysed comparatively based on the circuit model. Then, a half-bridge inverter based wireless power system was constructed to demonstrate the experimental results. Finally, the simulation and experimental results validated the theoretical analysis.
I. INTRODUCTION
In recent years, the wireless power transfer (WPT) technologies have been the growing hot topics for researchers. WPT applications can be found in a wide range from implanted biomedical devices, consumer electronics' chargers and vehicle battery charges [1] - [3] . Among WPT technologies, the magnetic resonance coupling method has a better promise because of its long transfer distance and high efficiency [1] , [4] . MIT groups experimentally demonstrated this power transfer method over distances up to 8 times the radius of the coils. A 60 watts bulb was lighted over distances of more than two meters [5] , [6] .
For magnetic resonance coupling WPT systems, when moving the two coils to be close step by step and when they are close enough, the power transferred to load drop sharply. This is because the resonant frequency has been changed when the coupling of coils becomes stronger. This phenomenon is called frequency splitting which is defined and explained in [7] , [8] . When the coupling between the Manuscript received April 10, 2013; accepted September 25, 2013. This work is supported by the National Natural Science Fund of China (51277120) and ITER Special Project (2011GB113005). This work is also supported by State Energy Smart Grid R&D Center (China, Shanghai).
transmitter coil and receiver coil increases and is greater than a critical frequency, the resonance frequency will split into two resonant frequencies, the odd frequency and the even frequency; thus, the load voltage will change from a single-peak curve to a double-peak curve. Frequency splitting is an important issue, related to the power transfer efficiency and capability of WPT systems. Works about frequencies splitting were reported widely based on coupling mode theory (CMT) and circuit theory [9] - [15] . In [7] , the directional coupler-based method was suggested to track the splitting frequency in a magnetic resonance system. Reference [16] applied a root locus method to explain the double voltage-peak of frequency splitting of WPT systems. In [17] , an asymptotic coupled mode theory method has been used to analyse the frequency splitting phenomena in contactless power transfer systems. The critical coupling coefficient has been derived based on the energy equations. In [18] , an exact analysis about frequency splitting of the symmetrical and unsymmetrical contactless power transfer systems is shown in detail. However, related reports based on CMT [5] , [6] , [17] presented by physicists cannot be understood well by researchers of electrical engineering. On the other hand, lots of research just shows the phenomena of frequency splitting with double-peak characteristic of output power curve [9] - [14] ; the studies seldom give detailed analysis on how the splitting frequency changes, what the even and odd frequencies are and what the relationship of the splitting frequency to main circuit parameters is.
In this work, first, a simple T-type transformer model is introduced to analyse the magnetic coupling WPT system. Then, the odd frequency and even frequency are determined using simple equations by the impedance analysis of T-type transformer model. Then, an analysis about frequency splitting based on simulation is also presented. At last, a WPT prototype is constructed. The driver of a WPT system is important concerning the efficiency of a WPT system. Here, we used the half-bridge inverter to drive the source coil. The zero voltage switching condition is discussed as well. Then, the experimental results validate the theoretical analysis. This paper is organized as following. In Section II the methods are presented. In Section III, the analysis based on the experimental results is given. Finally, the discussion and conclusions are given in the Section IV. 
A. CMT Mode
The typical WPT system is shown in Fig. 1 , where L1 and L2 represent the source coil and device coil, respectively; R1 and R2 are their internal resistances, respectively; the capacitors C1 and C2 are connected in series both in source coil and device coil to form a series-tuned resonant converter. M is the mutual inductance between coils, RL is the load resistance, and Uin is the source voltage.
The WPT system is described by using CMT theory [2] , [3] 
where a1(t) and a2(t) are the magnetic field amplitudes of the primary and secondary coils, respectively; Γ1 and Γ2 are the intrinsic loss coefficient of the two coils, ΓL is the intrinsic loss coefficient about the load resistance; ω0 is the nature resonant frequency of coils; and K is the coupling coefficient between two coils. The load power is expressed as following [4] , [5] 
The splitting equation is defined as [14] 0.
Substituting (2) into (3), the odd and even splitting can be derived [14] 2 2 2 0.5
B. T-type Transformer Model Method
The circuit in Fig. 1 transferred to T-type transformer model is shown in Fig. 2 From Fig. 2 , the impedance of the transformer is expressed as (5) and (6):
Then, the current of source coil is
Using Kirchhoff's current/voltage laws, the circuit equations are shown from (8) to (10):
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Substituting (8) and (9) into (10), the device coil current Is and output voltage Uout can be derived as following:
Define the voltage gain as
Substituting (7) and (12) into (13), the voltage gain is derived 2  2   3  2  2  2  2  1  2  2  1  2 2  2  2 1 ( )
Let s = jω, then the output voltage gain and its partial differential equations to ω are expressed:
To simplify the analysis, here, we assume that the source coil and device coil are identical. Thus, Lr = Lr1 =Lr2 and Cr =C1 = C2. Substitute (14) into (16), and solve the differential equations. The critical frequency is gotten as following:
where Lm = k 2 L1, Lr = L1 -Lm, and k is the coupling coefficient of coils. Thus, the native resonant frequency fr0, the odd splitting frequency fr1, and the even splitting frequency fr2 are derived from the T-type transformer model. Figure 3 is the simulation plot of frequency splitting using the parameter values in Table I In Fig. 3 , when the coupling k is 0.05, there is a single voltage-peak, while the voltage gain curve appears double voltage-peak when the coupling coefficient increases. Thus, the WPT system enters into the frequency splitting region. Furthermore, it can also be seen that when the system operates in frequency splitting region, the voltage peaks are at the odd frequency and even frequency; and at its native resonant frequency, the voltage gain curve reaches the bottom.
III. ANALYSIS
The schematic diagram of the experimental WPT system is shown in Fig. 4 . The half-bridge inverter is implemented to drive the source coil of the WPT system. In Fig. 4 , the MOSFET switches S1 and S2 are driven alternatively with 50 % duty cycle, and the square wave voltage is produced at the mid-node (point N in the Fig. 4.) of the half-bridge inverter. The capacitor C1, C2 and the two coils form a resonant tank are shown within the dash line. In the resonant tank, only sinusoidal current is allowed to flow through because the network filters harmonic currents. The currents in source coil and device coil are with the same frequency. So the two coils resonate with each other. Thus, the energy transfers from source coil to device coil. In addition, this experimental setup uses two identical coils shown in Fig. 5 . The litz wire is used to manufacture the coils because of its low series resistor under high frequency operation. The key parameter values are listed in Table II . 
A. Zero Voltage Switching
To acquire the maximum transfer power, the WPT system should operate in high frequency, normally more than 1 MHz. But, when improving operational frequency, the efficiency will drop. Therefore the zero voltage switching (ZVS) in a WPT system must be ensured. The system working under inductive region can realize the ZVS of MOSFETs in voltage-source half-bridge inverter. However, the assumption of working under inductive region is just a necessary condition for ZVS but not sufficient. This is because the parasitic capacitance of the MOSFETs needs energy to be charged and discharged during one switching period. To allow ZVS, a dead time Tdead is inserted between the end of the ON-time of a switch and beginning of the ON-time of another one. To ensure discharging the energy of parasitic capacitance completely, the dead time Tdead should be larger than the discharging time Tdis
The discharging time Tdis can be expressed by (21) 1 (2 ) . ( 2) dc c oss stray 
The parasitic capacitance Coss and Cstray is shown in Fig. 6 . The inverter voltage and current in steady-state is shown in Fig. 7(a) . In Fig. 7(a) , the current lags the inverter voltage which allows the current to pass through the body diodes of MOSFETs. When current passes through diodes, the voltage of MOSFETs is clamped to zero. If parasitic capacitance has been discharged completely during the dead time zone, the ZVS can achieve what is shown in Fig. 7(b) .
B. Frequency Splitting
The load voltage is measured to demonstrate the frequency splitting phenomena. We slowly move the device coil to be close to the source coil step by step, and in each step the operation frequency sweeps from 500 kHz to 2 MHz. Then, the voltage gain of load is recorded at each step. The experimental results and theoretical values are drawn in the same plot shown in Fig. 6 . The experimental data of load peak-voltage is shown as the black dot while the theoretical values, calculated from (14) are drawn as blue continuous lines. When coupling increases, frequency splitting phenomena appear. The critical splitting coupling is around k = 0.015. The load voltage shows a single-peak curve in the region k < 0.015; when k increases and is greater than k < 0.015, the load voltage curve splits into two curves, and the greater the coupling k, the greater the gap between the odd frequency and the even frequency. As shown in Fig. 6 , the experimental results consist with the theoretical values with slight differences.
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IV. DISCUSSION
The frequency bifurcation is discussed frequently in inductively coupled power transfer (ICPT) system which has some same characteristics, but they are different. Frequency bifurcation phenomena are the input characteristics of an ICPT system, while frequency splitting phenomena concerns the output characteristics of WPT systems, although they often appear at the same time. To let the imaginary part of the input impedance to be zero is to define the frequency bifurcation. Bifurcation phenomena are related to the study of the system stability of a WPT system. There are some stability regions and instability regions in a WPT system with bifurcation. Every operating region has different transfer characteristics.
V. CONCLUSIONS
Frequency splitting phenomena in WPT systems are studied by an electric circuit model method. A simple T-type transformer model is introduced. With impedance analysis, the even and odd splitting frequencies have been derived. In addition, the simulation by the aid of computer shows the output characteristic of frequency splitting. Furthermore, the half-bridge inverter is constructed to drive the WPT system. The ZVS conditions are discussed as well. Finally, the theoretical results are validated by the experimental results. The control method is proposed as well.
